Tetanic stimuli to layer I-II afferents in rat prefrontal cortex induced long-term depression (LTD) of layer I-II to layer V pyramidal neuron glutamatergic synapses when tetani were coupled to bath application of dopamine. This LTD was blocked by the following metabotropic glutamate receptor (mGluR) antagonists coapplied with dopamine: (S)-␣-methyl-4-carboxyphenylglycine (MCPG; group I and II antagonist), (RS)-1-aminoindan-1,5-dicarboxylic acid (AIDA; group I antagonist), or (RS)-␣-methylserine-O-phosphate monophenyl ester (MSOPPE; group II antagonist). This suggests that the dopamine-facilitated LTD requires synaptic activation of groups I and II mGluRs during tetanus. LTD could also be induced by coupling tetani to bath application of groups I and II mGluR agonist (1S,3R)-1-aminocyclopentane-1,3-dicarboxylic acid (1S,3R-ACPD). In the next series of experiments, coapplication of dopamine and 1S,3R-ACPD, but not application of either drug alone, consistently induced LTD without tetani or even single test stimuli during drug application, suggesting that coactivation of dopamine receptors and the mGluRs is sufficient for LTD induction. Immunoblot analyses with anti-active mitogen-activated protein kinases (MAP-Ks) revealed that D1 receptors, D2 receptors, group I mGluRs, and group II mGluRs all contribute to MAP-K activation in prefrontal cortex, and that combined activation of dopamine receptors and mGluRs synergistically or additively activate MAP-Ks. Consistently, LTD by dopamine ϩ 1S,3R-ACPD coapplication, as well as the two other forms of LTD (LTD by dopamine ϩ tetani and LTD by 1S,3R-ACPD ϩ tetani), was blocked by bath application of MAP-K kinase inhibitor PD98059. LTD by dopamine ϩ 1S,3R-ACPD coapplication was also blocked by postsynaptic injection of synthetic MAP-K substrate peptide. Our results suggest that dopamine receptors and groups I and II mGluRs cooperate to induce LTD through converging postsynaptic activation of MAP-Ks.
Tetanic stimuli to layer I-II afferents in rat prefrontal cortex induced long-term depression (LTD) of layer I-II to layer V pyramidal neuron glutamatergic synapses when tetani were coupled to bath application of dopamine. This LTD was blocked by the following metabotropic glutamate receptor (mGluR) antagonists coapplied with dopamine: (S)-␣-methyl-4-carboxyphenylglycine (MCPG; group I and II antagonist), (RS)-1-aminoindan-1,5-dicarboxylic acid (AIDA; group I antagonist), or (RS)-␣-methylserine-O-phosphate monophenyl ester (MSOPPE; group II antagonist). This suggests that the dopamine-facilitated LTD requires synaptic activation of groups I and II mGluRs during tetanus. LTD could also be induced by coupling tetani to bath application of groups I and II mGluR agonist (1S,3R)-1-aminocyclopentane-1,3-dicarboxylic acid (1S,3R-ACPD). In the next series of experiments, coapplication of dopamine and 1S,3R-ACPD, but not application of either drug alone, consistently induced LTD without tetani or even single test stimuli during drug application, suggesting that coactivation of dopamine receptors and the mGluRs is sufficient for LTD induction. Immunoblot analyses with anti-active mitogen-activated protein kinases (MAP-Ks) revealed that D1 receptors, D2 receptors, group I mGluRs, and group II mGluRs all contribute to MAP-K activation in prefrontal cortex, and that combined activation of dopamine receptors and mGluRs synergistically or additively activate MAP-Ks. Consistently, LTD by dopamine ϩ 1S,3R-ACPD coapplication, as well as the two other forms of LTD (LTD by dopamine ϩ tetani and LTD by 1S,3R-ACPD ϩ tetani), was blocked by bath application of MAP-K kinase inhibitor PD98059. LTD by dopamine ϩ 1S,3R-ACPD coapplication was also blocked by postsynaptic injection of synthetic MAP-K substrate peptide. Our results suggest that dopamine receptors and groups I and II mGluRs cooperate to induce LTD through converging postsynaptic activation of MAP-Ks.
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Critical modulation of prefrontal cognitive f unction by dopaminergic input arising from ventral tegmental area (Glowinski et al., 1984; Kolb, 1984; Kuroda et al., 1996) is well documented in rats (Simon et al., 1980; Z ahrt et al., 1997) , primates (Sawaguchi and Goldman-Rakic, 1994; Goldman-Rakic, 1995) , and humans (Barchas et al., 1994; Iversen, 1995; Okubo et al., 1997) . Dopaminergic modulation on synaptic models of neuronal plasticity, long-term potentiation (LTP), and long-term depression (LTD) (Hirsch and Crepel, 1990 ) (for review, see Bliss and Collingridge, 1993; Otani and Ben-Ari, 1993; Bear and Abraham, 1996) have been also reported in rat prefrontal cortex, where dopamine facilitates induction of LTD, but not LTP, through D1 and D2 receptor activation Otani et al., 1998b) .
Many studies demonstrated roles of metabotropic glutamate receptors (mGluRs) (Nicoletti et al., 1996; Conn and Pin, 1997) in LTP and LTD (Aniksztejn et al., 1992; Bashir et al., 1993; Kato, 1993; Huang et al., 1997; Oliet et al., 1997; Manahan-Vaughan et al., 1998; Otani and Connor, 1998) . In prefrontal cortex, LTP by theta burst stimulation is blockable by group I and II mGluR antagonist ( S)-␣-methyl-4-carboxyphenylglycine (MCPG) (Vickery et al., 1997) . It is thought that MCPG blocks LTP through acting on postsynaptic group I mGluRs (Vickery et al., 1997; Morris et al., 1998) . Indeed, group I mGluRs exist abundantly in postsynaptic elements throughout cortex and other structures (Romano et al., 1995) . More specifically, the mGluR5 seems to exist on dendritic spines and shafts, as well as on the membrane between spines, of cortical pyramidal neurons (Romano et al., 1995) , whereas the mGluR1 is present in nonpyramidal neurons in cortex (Fotuhi et al., 1993) . A recent demonstration also suggests postsynaptic existence, as well as presynaptic existence as classically viewed, of group II mGluRs in cortex and other structures (Petralia et al., 1996) . Localization of group III mGluRs is still largely regarded as presynaptic [Gereau and Conn (1995) ; Jin and Daw (1998) ; but see Bradley et al. (1996) ]. Dopamine D1 receptors exist on dendritic spines and shafts of pyramidal neurons in monkey frontal cortex layers II and V (Smiley et al., 1994; Bergson et al., 1995) . Importantly, these D1 receptors appear to be colocalized with functioning glutamate receptors within the same spines-shafts, although dopaminergic presynaptic terminals may not have a direct contact with these postsynaptic elements, suggesting that dopamine receptors extrasynaptically receive neurotransmitter dopamine (Smiley et al., 1994) . Colocalization of dopamine (at least D1) and glutamate receptors in the same spines-shafts points to the possibility that these two types of receptors interact with each other postsynaptically. If it is the case, such an interaction may play a role in prefrontal LTD induction. We have shown that prefrontal LTD, whose induction is facilitated by dopamine, does not require activation of NMDA receptors (Otani et al., 1998b) but still requires postsynaptic C a 2ϩ -dependent processes (Otani et al., 1998b) . Therefore, in this paper, we investigated involvement of mGluRs in prefrontal LTD induction.
Preliminary data have been published previously in abstract form (Otani et al., 1998a,c) .
MATERIALS AND METHODS
Slice preparation and electrophysiolog y. Male Sprague Dawley rats (23-30 d old) were decapitated, and their brains were removed. Coronal slices (300 -400 m; 2.2-3.7 mm from bregma) were sectioned by the use of a C ampden Vibratome in chilled (ϳ0°C) oxygenated (95% O 2 /5% C O 2 ) artificial C SF (AC SF) of the following composition (in mM): NaC l 124, KC l 2, NaHC O 3 26, K H 2 PO 4 1.15, MgC l 2 1, CaCl 2 2, and D-glucose 11. The slices were allowed to recover for at least 2 hr at room temperature (ϳ20°C) in a chamber filled with continuously oxygenated AC SF. A slice was then transferred to a submerged-type recording chamber where it was perf used with AC SF (28°C) at the rate of 1 ml /min.
Stable intracellular recordings were made with sharp, glass micropipettes filled with 3 M K-acetate (80 -120 M⍀ tip resistance) from the soma of Ͼ120 layer V pyramidal neurons in the prelimbic area of prefrontal cortex. Negative currents were initially injected by the use of an Axoclamp 2A amplifier, but after stabilization of the cells, most or all currents were removed. The cells had mean resting membrane potential of Ϫ71 Ϯ 0.6 mV (SEM) with input resistance 60 Ϯ 2.5 M⍀. Mean membrane potential held during experiments was Ϫ74 Ϯ 0.5 mV. A spike height of at least 70 mV was required to continue experiments. Only cells that remained within 10% of changes from the initial values of membrane potential, spike height, and input resistance were included for later analysis. The mode of spike discharge was routinely examined before experiments by the application of a depolarizing current step (500 msec) from resting membrane potential. Amplitude of the depolarizing step was set so that a 30 msec application at that amplitude charges the cell to fire one action potential. Of the neurons tested, 59% were classified as regular spiking cells, and 18% were classified as bursting cells. Five percent of the neurons showed a burst firing followed by regular spiking with adaptation. The remaining 18% showed a few sporadic spikes before a strong adaptation ceased spiking. As in the study of Law-Tho (1995) and our previous study (Otani et al., 1998b) , there was no correlation between a discharge mode and the degree of synaptic plasticity induction.
A bipolar, Teflon-coated tungsten stimulating electrode (external diameter 125 m) was placed on layer I-II (immediately interior to pial surface) of the prelimbic area. The EPSP of 5-10 mV amplitude was evoked at 0.033 Hz by the application of monophasic square voltage pulses (100 sec; Digitimer isolated stimulator). The responses were fed to an Axoclamp 2A amplifier at current-clamp mode, digitized at 5-10 kHz with a Labmaster interface, and stored in an on-line I BM computer for later analyses (ACQUIS1 program, developed by G. Sadoc, Institut Alfred Fessard, C N RS, Gif sur Yvette, France). Synaptic responses evoked by high-frequency stimulation were stored on a magnetic tape by the use of a SON Y PC M-701ES and a Betamax SL -HF100F. LTDinducing tetanic stimuli consisted of four trains of 50 Hz stimuli (100 pulses), delivered at 0.1 Hz. The 0.033 Hz test stimuli were resumed 30 sec after tetanic stimulation. All experiments were performed in the presence of the GABA-A antagonist bicuculline methiodide (1 M) in bathing medium.
For the analysis of single EPSPs, we measured initial rising slope (the Յ1 msec period from its onset; millivolts per milliseconds), which contains only the monosynaptic component of the responses (Hirsch and Crepel, 1990) . To express changes of the EPSP slope, we averaged responses from the 10 min period just before tetani-drug application (baseline) and also from the 35-40 min period after tetani-drug application. We calculated percentage decreases-increases of the initial slope from the baseline value. These percentage decreases-increases were compared among different groups. For the analysis of synaptic responses evoked by high-frequency stimuli, we measured the number of spikes, the number of the EPSPs whose amplitudes were Ͼ50% of the first EPSP in the given episode of high-frequency stimuli, and 90% decay time from peak membrane potential (Otani et al., 1998b) . Statistical analyses (twotailed Student's t test) were performed with p Ͻ 0.05 considered as significant. All values were expressed as mean Ϯ SEM.
In many experiments, biocytin (1.5%; Sigma, St. L ouis, MO) was included in recording electrodes and injected into cells by passing positive current steps (ϳ0.5 nA, 500 msec at 1 Hz for at least 10 min) at the end of experiments. The slices were fixed in 4% paraformaldehyde dissolved in potassium PBS (0.01 M) for at least overnight. They were then washed in the PBS solution three times (10 min each) and placed in 1 ml of 0.1% PBS -Triton X-100 solution containing 25 l of solutions A and B (peroxidase standard PK-4000; Vectastain ABC K it, Vector Laboratories, Burlingame, CA) for up to 48 hr. The slices were washed again in PBS solution. They were then placed in diaminobenzidine tetrahydrochloride (DAB) solution (Peroxidase Substrate K it, SK-4100, Vector) for 10 min. The slices were washed three times in PBS solution before being mounted on microscope slides.
Drugs used in the electrophysiological studies were (1S, (RS)-␣-methylserine-O-phosphate monophenyl ester (MSOPPE; Tocris Cookson), mitogen-activated protein kinase substrate peptide Ala-Pro-Arg-Thr-Pro-Gly-Gly-Arg-Arg (Alexis Biochemicals), PD98059 (2Ј-amino-3Ј-methoxyflavone; Alexis Biochemicals). All drugs were applied in perf using medium, except for BAP TA and M AP-K peptide, which were included in recording electrodes and injected to postsynaptic cells. Dopamine was dissolved in ascorbic acid solution (20 M; Sigma) to reduce oxidization of the compound.
Biochemical anal yses. For a separate series of experiments to bioassay M AP-K s, coronal brain slices were prepared identically as described above. After a recovery period (Ͼ2 hr), a slice was transferred to a well (ϳ10 ml volume) filled with oxygenated AC SF (28°C) containing 1 M bicuculline methiodide. After a 10 min incubation with bicuculline, the slice was transferred to a separate well that additionally contains dopamine alone, dopamine with SCH23390 (D1 antagonist; Research Biochemicals International) and /or (Ϫ)-sulpiride (D2 antagonist; Sigma), dopamine with one of the following mGluR agonists, 1S,3R-AC PD, DHPG, and DCG IV, or one of the mGluR agonists alone. There, the slice was incubated for either 2 or 5 min in the drug-containing experimental solution. Separate slices that were only incubated in bicucullinecontaining AC SF (10 min) served as control. Bicuculline itself did not modif y activity of M AP-K s. Some other slices were incubated in the bicuculline -AC SF for 10 min and then in the experimental AC SF for 10 min, before they were retransferred to the bicuculline -AC SF for either 2, 15, or 60 min. At the end of a given incubation period, the prelimbic area of both hemispheres was removed and stored at Ϫ20°C for later analyses.
Immunoblot analysis of M AP-K s was performed as described by Towbin et al. (1979) . Frozen slices were rapidly thawed and homogenized at 4°C in 20 l of lysis buffer containing 1% nonidet P-40, 1% deoxycholic acid, 0.1% SDS, 158 mM NaC l, 10 mM Tris, pH 7.8, 1 mM phenylmethylsulfonyl fluoride, and 1 mM Na 3 VO 4 (RI PA buffer), stirred for 20 min at 4°C, and centrif uged for 15 min at 12,000 ϫ g. The protein concentration was determined by the Bradford microassay method (Bradford, 1976 ) using ␥-globulin as standard. Equal amounts of protein from lysates (50 g) were separated by electrophoresis on SDS -10% polyacrylamide gel and transferred onto a nitrocellulose membrane. Membranes were incubated for 2 hr at room temperature with 0.25% gelatin in Tris-buffered saline (10 mM Tris-HC l, pH 7.5, 150 mM NaC l) containing 0.05% T ween 20 (TBST) to block non-specific binding sites, and then for 2 hr with the polyclonal anti-active M AP kinase antibody (anti-ERK s) at 1:20,000 (Promega, Madison, W I), which recognizes dually phosphorylated M AP-K s p44 and p42. After extensive washing steps with TBST, the membranes were incubated for 2 hr with horseradish peroxidase-conjugated goat anti-rabbit IgG (Dako, Glostrup, Denmark) at a dilution of 1:5000, then washed with blocking buffer. Proteins were visualized after a chemiluminescence staining following the manufacturer's protocol (ECL, Amersham, Arlington Heights, IL). Immunoreactive bands were analyzed by means of densitometry with a scanner, and their intensity was quantified using N IH image 1.61 software.
Reprobing with specific antibodies was performed after incubation for 2 hr at 65°C in 200 mM glycine, pH 2.5, containing 1% SDS, followed by two washes with 1 M Tris-HC l, pH 8, and one wash with TBST. The membrane was then incubated with the polyclonal anti-ERK2 C -14 antibody (at 1:1000; Santa Cruz Biotechnology, Santa Cruz, CA), which recognizes ERK2/p42 and weakly ERK1/p44. Figure 1 A shows a representative layer V pyramidal neuron stained with biocytin, and Figure 1 B shows our experimental configuration. As we have shown previously (Otani et al., 1998b) , tetanic stimuli (50 Hz, 100 pulses ϫ 4 in 10 sec intervals) delivered to layer I-II fibers at the end of 10 -15 min bath application of dopamine (100 M in 20 M ascorbic acid) induced LTD of the monosynaptic component of the EPSP recorded from the soma of layer V pyramidal neurons ( Fig. 1 E) (Ϫ22 Ϯ 7.6% decrease over baseline, measured during the 35-40 min period after tetani; n ϭ 14, p Ͻ 0.002 vs control group shown in Fig. 1C ). The tetani alone did not induce any lasting synaptic changes (Ϫ0.7 Ϯ 1.1%, n ϭ 11) (Fig. 1C) , whereas dopamine application alone only transiently depressed synaptic transmission, which recovered fully within 30 min (4.7 Ϯ 7.0% measured 35-40 min after the beginning of washout, n ϭ 5) (Fig. 1 D) .
RESULTS

LTD induction in the presence of dopamine requires synaptic activation of mGluRs
To test whether this LTD induction facilitated by dopamine requires synaptic activation of mGluRs, we first used the broad spectrum mGluR antagonist MCPG (300 -500 M), which acts on both group I and group II mGluRs. MC PG was coapplied to the bath with dopamine. At the end of the 10 -15 min application period, during which dopamine exerted its acute depressant effect on the synaptic responses ( Fig. 2 A) , tetanic stimuli at 50 Hz were delivered (n ϭ 5) (Fig. 2 A) . Test stimulation was resumed 30 sec after the last train of tetanus. Synaptic responses were followed for at least 40 min. Tetani in the presence of dopamine ϩ MCPG failed to induce LTD (Fig. 2 A) [Ϫ5.2 Ϯ 6.5% change over baseline, measured during the 35-40 min period after tetanidrug washout; n ϭ 5, p Ͼ 0.3 vs control group in which tetani were delivered alone (Ϫ0.7 Ϯ 1.1%)] (Fig. 1C) . To test whether MCPG itself facilitates induction of LTP to mask LTD, in another group of neurons (n ϭ 5) we applied MC PG alone for 10 -15 min and delivered tetanic stimuli. In three of five neurons, MC PG facilitated short-term plasticity induction (potentiation in one case and depression in two cases), but never facilitated long-term plasticity induction. Mean percentage changes of the EPSP slope calculated from these five neurons are depicted in Figure 2 B (Ϫ0.3 Ϯ 3.8% over baseline at 35-40 min; n ϭ 5, p Ͼ 0.9 vs control). Thus, MCPG genuinely blocked LTD induction in the presence of dopamine.
Group I mGluRs are involved in LTD induction in the presence of dopamine
We next used the specific antagonist of group I mGluRs AIDA (200 M) (Moroni et al., 1997) . AIDA was bath-applied with dopamine for 10 -15 min, and 50 Hz tetani were delivered at the end of the coapplication (n ϭ 5). AIDA also blocked LTD induction in the presence of dopamine. We plotted average changes of the EPSP slope calculated from the five cells in Figure  3A . Mean EPSP change occurring during the 35-40 min period after tetani-drug washout (1.8 Ϯ 6.0%, n ϭ 5) shows no significant difference from mean value calculated from the same period in the control group (Ϫ0.7 Ϯ 1.1%; p Ͼ 0.1) (Fig. 1C) , but it shows a significant difference from that of the group in which dopamine application alone was combined with tetani (Ϫ22 Ϯ 7.6%; p Ͻ 0.025) (Fig. 1 E) . In another group of cells (n ϭ 6), AIDA was applied alone to test whether AIDA itself facilitates LTP to mask LTD. We plotted mean percentage changes of the EPSP slope from six experiments under this condition in Figure 3B . Mean change at the 35-40 min period after tetani-drug washout is Ϫ1.3 Ϯ 7.0% ( p Ͼ 0.9 vs control). Thus, the failure of AIDA to induce lasting synaptic plasticity suggests that the block of LTD with AIDA ( Fig. 3A) cannot be attributed to a masking of LTD. (Fig. 1C) , but p Ͻ 0.025 versus dopamine ϩ 50 Hz group (Fig. 1 E)] . B, In a separate group of neurons, AI DA alone was bath-applied, and tetani were delivered. Short-term changes occurred, but no lasting synaptic changes were induced (Ϫ1.3 Ϯ 7.0% 35-40 min after tetani-AI DA, n ϭ 6, p Ͼ 0.9 vs control), suggesting that the block of LTD by AI DA ( A) was not a masking of LTD. Top traces are averaged synaptic responses taken from the indicated time points.
Group II mGluRs are also involved in LTD induction in the presence of dopamine
Next, we coapplied the selective group II mGluR antagonist MSOPPE (200 M) (Thomas et al., 1996) in the bath with dopamine for 10 -15 min before tetanic stimuli were delivered (n ϭ 7). In Figure 4 A, we plotted mean EPSP changes from these experiments. The EPSP slope change occurring during the 35-40 min period after tetani-drug washout is Ϫ5.3 Ϯ 3.1%, still showing no significant difference compared with the control group ( p Ͼ 0.1), but showing a significant difference from the group in which dopamine application alone was combined with tetani ( p Ͻ 0.04).
In a separate group of cells (n ϭ 9) (Fig. 4 B) , the effect of MSOPPE alone on synaptic plasticity was tested. Tetani delivered at the end of 10 -15 min application of MSOPPE were sometimes followed by potentiation (four of nine cells) or depression (one of nine cells). In both cases, the EPSP slope returned to control level within 30 min, except one case in which some degree of lasting changes was still observed at 35-40 min after tetani (16% increase). In Figure 4 B, we plotted mean changes of the EPSP slope calculated from eight experiments in which intracellular recordings continued for 40 min after tetanic stimuli [the recording of one cell that showed short-term potentiation (STP) discontinued 25 min after tetani]. Because of the variability of the changes in the responses after tetani, the graph shows large SEMs after delivery of tetani. The variation and the post-tetanic effects, however, decreased toward the end of recording, generating a mean EPSP slope change of only 0.6 Ϯ 3.4% during the 35-40 min period after tetani-drug washout ( p Ͼ 0.7 compared with control, n ϭ 8). These results suggest that the blockade of LTD with MSOPPE (Fig. 4 A) cannot be explained by a masking of LTD.
Synaptic responses during 50 Hz stimuli in the presence of group II mGluR antagonist
Presynaptic group II mGluRs use-dependently inhibit glutamate release at least in certain synapses (Conn and Pin, 1997) . Thus, the group II antagonist MSOPPE may facilitate synaptic transmission during tetanus. Postsynaptic depolarization then may exceed a degree optimal for LTD induction, leading to a blockade of LTD. To test this possibility, we analyzed synaptic responses during tetanus in the presence of MSOPPE (n ϭ 8) (see Fig. 4 B for EPSP plots before and after tetani in this group. Responses during tetanus in one cell could not be recorded because of a technical failure). We measured the following three parameters in high-frequency synaptic responses: (1) the number of spikes per tetanus episode, (2) the number of the EPSPs per tetanus episode whose amplitudes remained larger than 50% of the initial EPSP evoked in that episode, and (3) 90% decay time from peak membrane potential (spike threshold was taken when a spike(s) was present). On average, MSOPPE increased the number of spikes ( p Ͻ 0.05 in all four train episodes) and the number of EPSPs ( p Ͻ 0.05 in the first train episode; p Ͻ 0.1 in the second and fourth episodes) evoked to a train of tetanus over control group (n ϭ 12) (Fig. 5, insets) . Ninety percent decay time value did not show a significant difference on average over control, but when the five cells in which a clear STP or short-term depression was induced are taken into account, MSOPPE increased 90% decay over control at least in the first tetanus episode (2217 Ϯ 606 vs 726 Ϯ 228 msec, p Ͻ 0.02). One typical example that shows increases in these three parameters is shown and compared with a control cell in Figure 5 . MSOPPE, in contrast, did not change at least two postsynaptic parameters tested by direct somatic current injections (0.5-0.6 nA for 500 msec), i.e., spike-train adaptation and afterhyperpolarization (n ϭ 3; data not shown).
We next compared synaptic responses during tetanus in the presence of MSOPPE ϩ dopamine (no LTD condition) with those in the presence of dopamine alone (LTD condition). Under this comparison, MSOPPE no longer exerted significant changes in the high-frequency synaptic responses in the above three parameters. In other words, the enhancing effects of dopamine on these parameters (Otani et al., 1998b) are sufficient to occlude the effects of MSOPPE.
In contrast to MSOPPE, the group I antagonist AIDA did not significantly increase postsynaptic responses during tetanus. Postsynaptic responses in the presence of AIDA ϩ dopamine also did not differ from those in the presence of dopamine alone.
Effects of mGluR agonists on synaptic responses and LTD
Results so far indicate that synaptic activation of groups I and II mGluRs must occur for dopamine to facilitate LTD induction. In separate groups of cells, we tested whether pharmacological activation of mGluRs can also facilitate LTD by 50 Hz tetani, where 50 Hz tetani alone do not induce lasting synaptic changes (Fig. 1C) . (Fig. 1C) , but p Ͻ 0.04 versus dopamine ϩ 50 Hz group (Fig. 1 E)] . B, Tetanic stimuli in the presence of MSOPPE alone induced some degree of post-tetanic changes in five of nine cases but did not induce LTP on average. Mean percentage increase 35-40 min after tetani-drug washout calculated from eight experiments was 0.6 Ϯ 3.4% over baseline (recording of one cell that showed STP discontinued 25 min after tetani; p Ͼ 0.7 vs control depicted in Fig. 1C) . Top traces are averaged synaptic responses taken from the indicated time points.
First, 1S,3R-AC PD (100 M), the groups I and II mGluR agonist, was applied for 10 -15 min before delivery of tetani (n ϭ 4). All four cells expressed LTD (Fig. 6 A) . Mean change of the EPSP slope occurring during the 35-40 min period after tetanidrug washout was Ϫ37 Ϯ 5.7% (n ϭ 4, p Ͻ 0.001 vs control depicted in Fig. 1C ). As shown in Figure 6 B, and as is the case in hippocampus (Aniksztejn et al., 1992) , sole application of 1S,3R-ACPD induced only a transient depression that fully recovers within 30 min (3.4 Ϯ 4.2% mean change at 35-40 min after washout; n ϭ 4). Thus, pharmacological stimulation of groups I and II mGluRs facilitates LTD induction.
Second, involvement of group I mGluRs in LTD induction was tested by the use of specific group I mGluR agonist DHPG (100 M) Sekiyama et al., 1996) . First, as shown in Figure 7A (n ϭ 4), when applied alone (10 -15 min), DHPG caused a transient depression of the EPSP (Gereau and Conn, 1995) , which is accompanied by several postsynaptic parameter changes, including weak membrane depolarization and a reduction in spike-train adaptation and afterhyperpolarization (tested at membrane potential restored to resting level) (Fig. 7A , top traces) (cf. Vickery et al., 1997) . The depression of the EPSP fully recovered within 30 min (mean change at 35-40 min, 2.0 Ϯ 4.5%, n ϭ 4). In another group of cells (n ϭ 5) (Fig. 7B) , 50 Hz tetani Figure 5 . MSOPPE, the group II mGluR antagonist, augments synaptic responses during 50 Hz tetanic stimuli, compared with control condition (see Fig. 4 B for plots of EPSP slope before and after tetani in this MSOPPE condition). Traces shown in this figure are the synaptic responses evoked by the first of four episodes of tetanic stimuli in two different cells. On average, MSOPPE (200 M, n ϭ 8) increased the number of spikes ( p Ͻ 0.05 in all four train episodes) and the number of the EPSPs whose amplitudes were larger than 50% of the first EPSP evoked in the given train episode ( p Ͻ 0.05 in the first train episode, p Ͻ 0.1 in the second and fourth episodes). Ninety percent decay time from peak membrane depolarization was, on average, not different from control, but if five cells that showed clear post-tetanic changes (see Results) are taken into account, MSOPPE increased 90% decay over control in the first tetanus episode (2217 Ϯ 606 msec vs 726 Ϯ 228 msec, p Ͻ 0.02). The MSOPPE-treated cell shown in this figure is a cell that showed clear increases in all three of these parameters. MSOPPE did not reduce spike-train adaptation and afterhyperpolarization tested with postsynaptic current injection (data not shown). It is unlikely, however, that this augmentation of synaptic responses during tetanus by MSOPPE per se is the mechanism by which MSOPPE blocked LTD in the presence of dopamine (Fig. 4 A) , because dopamine itself augmented synaptic responses during tetanus (Otani et al., 1998b) and occluded the effect of MSOPPE. Insets show the same responses by different scales of amplitude and time. were applied at the end of DHPG application. DHPG did not facilitate LTD induction (4.8 Ϯ 7.1% at 35-40 min, n ϭ 5, p Ͼ 0.1 vs control). Thus, sole activation of group I mGluRs is not sufficient to facilitate LTD.
Third, effects of the potent group II mGluR agonist DCG IV (Ishida et al., 1993) on the synaptic responses and LTD were tested. Application of DCG IV [50 -100 nM, concentrations two orders below that to activate NMDA receptors (Ͼ10 M) (Ishida et al., 1993; Wilsch et al., 1994) ] acutely depressed the synaptic responses (Ϫ25 Ϯ 4.4% at the end of 10 -15 min application, n ϭ 6) (Fig. 8 A) . The acute depression was not accompanied by postsynaptic membrane depolarization or changes in spike-train adaptation or afterhyperpolarization (Fig. 8 A, top traces) . Interestingly, the synaptic depression remained after washout of DCG IV, showing a Ϫ21 Ϯ 3.8% mean LTD during the 35-40 min period after washout (n ϭ 6) (Fig. 8 A) . In another group of cells (n ϭ 4), tetanic stimuli were applied at the end of 10 -15 min DCG IV application. Tetani did not augment LTD expressed at 35-40 min after tetani-DCG IV washout (Ϫ19 Ϯ 7.1%, p Ͼ 0.8 compared with DCG IV group; data not shown).
Two lines of evidence suggest that LTD induced by DCG IV is not a result of insufficient washout from the acute depressant action of the drug. First, as shown in Figure 8 B, a previous postsynaptic injection of Ca 2ϩ chelator BAPTA (100 mM in recording electrodes) completely blocked LTD by DCG IV application (0.1 Ϯ 2.2% mean EPSP change at 35-40 min after drug washout, n ϭ 4, p Ͻ 0.005 vs DCG IV group), but not the acute depression by DCG IV (Ϫ22 Ϯ 2.1% at the end of 10 -15 min application). Diffusion of BAPTA was facilitated by steady negative current injections through the recording electrodes (0.2-0.4 nA for at least 30 min before drug application). Second, application of MSOPPE (200 M) did not reverse the expression of DCG IV-induced LTD. MSOPPE (200 M) was applied at 25 min after the beginning of DCG IV washout until the end of recording. Depression expressed at 35-40 min after DCG IV washout in the presence of MSOPPE was Ϫ17 Ϯ 5.4% (n ϭ 5, p Ͼ 0.5 vs DCG IV group; data not shown). These data suggest that strong phar- Figure 7 . Sole activation of group I mGluRs with the agonist DHPG is insufficient to facilitate LTD. A, In the first group (n ϭ 4), DHPG (100 M, 10 -15 min) was applied alone in the bath without tetani. DHPG induced a transient synaptic depression that was accompanied by a mild (a few millivolts) postsynaptic membrane depolarization and a reduction in spike-train adaptation and afterhyperpolarization (shown in top traces; membrane potential set at resting level). Mean change of the EPSP slope 35-40 min after drug washout was 2.0 Ϯ 4.5% (n ϭ 4). B, Tetanic stimuli in the presence of DHPG failed to facilitate LTD induction. Mean change of the EPSP slope 35-40 min after tetani-DHPG was 4.8 Ϯ 7.1% [n ϭ 5, p Ͼ 0.1 vs control (Fig. 1C)] . A, Bath application of DCG IV (50 -100 nM) acutely depressed synaptic response that is followed by a lasting depression. Mean change of the EPSP slope 35-40 min after drug washout was Ϫ21 Ϯ 3.8% (n ϭ 6). Top traces show that DCG IV did not change spike-train adaptation and afterhyperpolarization. Superimposed averaged synaptic responses taken from time points 1 and 2 are also shown. B, DCG IV-induced LTD was absent in cells injected with BAP TA. BAP TA did not block acute depressant action of DCG IV on the synaptic responses. Mean change of the EPSP slope 35-40 min after DCG IV washout was 0.1 Ϯ 2.2% (n ϭ 4, p Ͻ 0.005 vs above DCG IV group). In a separate group of neurons (n ϭ 4), a late application of MSOPPE did not reverse the expression of DCG IV-induced LTD (see Results for details), f urther suggesting that DCG IV-induced LTD is not a result of insufficient washout of the drug. macological stimulation of group II mGluRs can by itself induce LTD. The BAP TA experiments f urther show that LTD induced by DCG IV involves postsynaptic C a 2ϩ -dependent processes.
Coactivation of dopamine receptors and mGluRs is sufficient for LTD induction
Dopamine sole application or 1S,3R-AC PD sole application does not induce LTD (Figs. 1 D, 6B) , whereas 50 Hz stimuli combined with either drug induce LTD (Figs. 1 E, 6A) . Does then coapplication of these two agonists activate biochemical cascades sufficient to induce LTD? To answer this question, dopamine (100 M) and 1S,3R-AC PD (100 M) were coapplied in the bath for 10 -15 min without delivery of tetanic stimuli (n ϭ 5). In five of five cases, clear LTD was induced. LTD occurring during the 35-40 min period after the end of coapplication was Ϫ27 Ϯ 2.6% ( Fig. 9A) (n ϭ 5, p Ͻ 0.005 vs the group in which dopamine was applied alone, and p Ͻ 0.001 vs the group in which ACPD was applied alone). In four other cells, we tested whether 0.033 Hz single test stimuli during the drug coapplication are necessary for this LTD. Thus, test synaptic stimulation was halted just before coapplication of dopamine ϩ 1S,3R-AC PD until 30 min after the beginning of washout of the drugs. Under this condition, as shown in Figure 9B , coapplication of dopamine ϩ 1S,3R-ACPD still induced LTD (Ϫ29 Ϯ 5.1% 35-40 min after washout, n ϭ 4, p Ͻ 0.01 vs dopamine alone group, and p Ͻ 0.005 vs 1S,3R-ACPD alone group). In four other cells, we halted test synaptic stimuli for 45 min (equivalent to the 15 min drug application -stimulus omission period plus the 30 min post-drug stimulus omission period in the above condition) to test whether omission of test stimuli itself causes decreases of synaptic responses. This was not the case (data not shown; Ϫ0.3 Ϯ 5.2% during the period equivalent to 35-40 min after washout, p Ͻ 0.01 vs the group depicted in Fig. 9B ). These results suggest that LTD induced by coactivation of dopamine receptors and groups I and II mGluRs requires neither stimulation of presynaptic fibers nor the activation of other classes of postsynaptic receptors by evoked transmitter release.
In an additional group (n ϭ 5) (Fig. 9C) , we tested whether sole stimulation of group I mGluRs with DHPG (100 M) combined with dopamine application induces LTD. In four of five cases, dopamine ϩ DHPG coapplication resulted in LTD (mean EPSP change Ϫ29 Ϯ 8.9%, n ϭ 5, p Ͻ 0.025 vs both DHPG and dopamine groups). Thus, although LTD induced by 50 Hz in the presence of dopamine (Fig. 1 E) requires synaptic activation of group I and group II mGluRs (Figs. 2 A, 3A, and 4 A) , and although 50 Hz tetani in the presence of groups I and II agonist 1S,3R-AC PD, but not group I agonist DHPG, induce LTD (Figs. 6 A, 7B), pharmacological activation of group I mGluRs alone with DHPG, if combined with dopamine bath application, can preclude the requirement for group II mGluR activation in LTD. However, it is important to note that one of the five cells in the dopamine ϩ DHPG group showed a complete return to baseline level after drug washout (Ϫ0.4% at 35-40 min), suggesting that concurrent activation of group I and group II mGluRs with 1S,3R-AC PD facilitated LTD more consistently (clear LTD in nine of nine cases; groups depicted in Fig. 9 A, B combined) .
LTD in prefrontal cortex requires activation of MAP kinases
In the next series of experiments, we searched for a biochemical manner where dopamine receptors and mGluRs cooperate to induce LTD. We chose to examine the participation of mitogenactivated protein kinases MAP-Ks (also known as ERKs), because MAP-Ks occupy a position where activation of many other second messengers, including protein kinase C (PKC) and cAMP-dependent protein kinase A (PKA), converge to exert their effects (Nestler and Greengard, 1994; Cobb and Goldsmith, 1995; Robinson and Cobb, 1997; Roberson et al., 1999) . We used Figure 9 . Simultaneous activation of dopamine receptors and mGluRs is sufficient for LTD induction. A, Bath application (10 -15 min) of dopamine (100 M in 20 M ascorbic acid) and 1S,3R-AC PD (100 M) induced synaptic depression that remained after washout of the drugs [Ϫ27 Ϯ 2.6% 35-40 min after drug washout, n ϭ 5, p Ͻ 0.005 vs dopamine-alone group (Fig. 1 D) and p Ͻ 0.001 vs 1S,3R-AC PD-alone group (Fig. 6 B) ]. B, Induction of LTD by dopamine ϩ AC PD coapplication did not require 0.033 Hz single test synaptic stimuli (Ϫ29 Ϯ 4.2% 35-40 min after drug washout, n ϭ 4, p Ͻ 0.01 vs dopamine-alone group and p Ͻ 0.005 vs 1S,3R-AC PD-alone group). Test stimuli were halted just before application of the drugs until 30 min after the beginning of drug washout. Halting of test stimuli itself did not change synaptic responses (see Results). C, LTD was also induced by coapplication of dopamine and group I agonist DHPG (100 M) in four of five cells. The plots were made from all five experiments (Ϫ29 Ϯ 8.9% 35-40 min after drug washout, n ϭ 5, p Ͻ 0.025 vs both DHPG and dopamine groups). Thus, although LTD induced by 50 Hz tetani in the presence of dopamine requires synaptic activation of group I and group II mGluRs (Figs. 2 A, 3A, 4A) , and although 50 Hz tetani in the presence of groups I and II agonist 1S,3R-ACPD, but not DHPG, induce LTD (Figs. 6 A, 7B) , pharmacological activation of group I mGluRs alone with DHPG, if combined with dopamine application, can induce LTD. However, this LTD induction is somewhat less consistent than that after groups I and II mGluRs are coactivated with 1S,3R-ACPD (nine LTD of nine cases) (Fig. 9 A, B) .
PD98059, a cell-permeable specific inhibitor of M AP-K kinases 1 and 2 (M EK1 and M EK2) (Alessi et al., 1995; Dudley et al., 1995) . The M EK s specifically activate ERK1 and ERK2, respectively (Cohen, 1997) . The effect of PD98059 was tested on three forms of LTD reported in this paper: (1) LTD induced by 50 Hz stimuli in the presence of dopamine (Fig. 1 E) , (2) LTD induced by 50 Hz stimuli in the presence of 1S,3R-AC PD (Fig. 6 A) , and (3) LTD induced by coapplication of dopamine and 1S,3R-ACPD (Fig. 9A) . PD98059 (20 M) was bath-applied 15 min before application of dopamine (100 M) or 1S,3R-AC PD (100 M), or both, until the end of the application -tetani. PD98059 neither changed baseline synaptic responses during the preincubation period nor affected the acute depression of synaptic responses by dopamine or 1S,3R-AC PD (Fig. 10) . PD98059, however, completely blocked induction of LTD by 50 Hz tetani in the presence of dopamine (Fig. 10 A) (0.3 Ϯ 4.1% EPSP change 35-40 min after drugs-tetani, n ϭ 6, p Ͻ 0.02 vs dopamine ϩ tetani group depicted in Fig. 1 E) . Large post-tetanic potentiation was noted in some cells of this group. Second, PD98059 completely blocked LTD by 50 Hz tetani in the presence of 1S,3R-AC PD (Fig. 10 B) (Ϫ0.6 Ϯ 3.9% 35-40 min after drugs-tetani, n ϭ 4, p Ͻ 0.002 vs 1S,3R-AC PD ϩ tetani group). Third, PD98059 completely blocked LTD by dopamine ϩ 1S,3R-AC PD (Fig. 10C ) (Ϫ4.9 Ϯ 5.8% 35-40 min after drug washout, n ϭ 6, p Ͻ 0.02 vs dopamine ϩ 1S,3R-ACPD group shown in Fig. 9A ). In addition, 50 Hz tetani in the presence of PD98059 alone did not induce lasting synaptic changes (data not shown; Ϫ2.6 Ϯ 3.9%, n ϭ 4).
In a separate group of neurons (n ϭ 5) (Fig. 10 D) , we tested postsynaptic locus of critical MAP-K activation for induction of LTD by dopamine ϩ 1S,3R-ACPD coapplication. This form of LTD was chosen, because it does not require any presynaptic stimulation for its induction (Fig. 9B ) and because it is this form of LTD for which we bioassayed MAP-K activity during induction (see next section). We used synthetic MAP-K substrate peptide Ala-Pro-Arg-Thr-Pro-Gly-Gly-Arg-Arg (Baron et al., 1996) , which acts under physiological conditions as a specific competitive inhibitor against endogenous MAP-K substrates. The peptide was postsynaptically injected through recording electrodes (1 mM in electrodes). Diffusion was allowed for at least 45 min before the application of dopamine and 1S,3R-ACPD. In five of five cases, dopamine ϩ 1S,3R-ACPD failed to induce LTD under this condition. Mean changes of the EPSP slope calculated from all five experiments are depicted in Figure 10 (Fig. 1 E) was blocked by bath application of PD98059 (20 M), the specific inhibitor of M AP-K kinases (M EK1 and M EK2, which phosphorylate ERK1 and ERK2). Mean change of the EPSP slope measured 35-40 min after drug washout-tetani was 0.3 Ϯ 4.1% (n ϭ 6, p Ͻ 0.02 vs dopamine ϩ tetani group depicted in Fig. 1 E) . B, LTD by 50 Hz tetani in the presence of 1S,3R-AC PD (Fig. 6 A) was also blocked by bath application of PD98059. Mean change of the EPSP slope measured 35-40 min after drug washout-tetani was Ϫ0.6 Ϯ 3.9% [n ϭ 4, p Ͻ 0.002 vs 1S,3R-AC PD ϩ tetani group (Fig. 6 A) ]. C, LTD by coactivation of dopamine receptors and groups I and II mGluRs with 1S,3R-AC PD (Fig. 9A) is blocked by PD98059. Mean change of the EPSP slope measured 35-40 min after drug washout was Ϫ4.9 Ϯ 5.8% (n ϭ 6, p Ͻ 0.02 vs the group depicted in Fig. 9A ). D, LTD by dopamine ϩ 1S,3R-ACPD coapplication is also blocked by postsynaptic injection of specific synthetic M AP-K substrate peptide Ala-Pro-Arg-Thr-Pro-Gly-Gly-Arg-Arg (1 mM in electrode). This peptide, when abundantly present, acts as a specific competitive inhibitor against endogenous M AP-K substrates. Mean change of the EPSP slope 35-40 min after drug washout was 8.4 Ϯ 6.2% [n ϭ 5, p Ͻ 0.001 vs dopamine ϩ 1S,3R-AC PD group (Fig. 9A)] . Thus, critical MAP-K activation for LTD induction after coactivation of dopamine receptors and mGluRs occurs in postsynaptic sites.
Synergistic-additive activation of MAP kinases by dopamine and mGluR agonists
Provided with the above results, we decided to biochemically isolate converging activation of M AP-K s by dopamine receptors and mGluRs in prefrontal tissue. Activation of M AP-Ks occurs through a dual phosphorylation of threonine and tyrosine residues (Her et al., 1993) . We measured M AP-K activation by the use of antibody anti-active ERK s recognizing only the dually phosphorylated active forms of ERK1 and ERK2, after exposure of prefrontal tissue to the agonists and antagonists of dopamine and mGlu receptors. As depicted in Figure 11 A, B (top traces) , in the control condition, no phosphorylated ERK1 (44 kDa) band was detected despite the presence of a modest level of phosphorylated ERK2 (42 kDa). The top traces also show that both dopamine (100 M) and 1S,3R-AC PD (100 M) increase the phosphorylation of ERK2 (42 kDa) within 2 min after the beginning of bath application. Coapplication of dopamine ϩ 1S,3R-ACPD (a principal LTD condition) (Figs. 9 A, B, 10C,D) resulted in an apparent additive increase of the level of ERK2 phosphorylation. Similar patterns of ERK2 activity increases were seen with the other mGluR agonists DHPG (100 M) and DCG IV (100 nM) (Fig. 11 A, B) . In the case of ERK1, dopamine does not increase its phosphorylation, whereas 1S,3R-ACPD weakly increases it. Interestingly, when dopamine and 1S,3R-ACPD are applied together (an LTD condition), an increase in the phosphorylation exceeds that achieved by 1S,3R-ACPD alone, showing a clear synergism (Fig. 11 A, B) . Again, similar patterns of activity increases were obtained with DHPG and DCG IV. As shown in the bottom traces of Figure 11 A, B, the two phosphorylated bands were demonstrated to correspond to p44/ERK1 and p42/ERK2, by the use of antibody anti-ERK2, which recognizes nonphosphorylated p42/ERK2 and, weakly, p44/ERK1.
In an additional experiment (n ϭ 4), we determined whether the group II mGluR antagonist MSOPPE affects MAP-K activity. This experiment was performed for the following reason. Group II mGluRs are coupled negatively to cAMP (Tanabe et al., Figure 11 . Dopamine and mGluR agonists additively or synergistically activate M AP-K s as detected with anti-active M AP-K antibody. Slices were incubated at 28°C in buffer containing 1 M bicuculline without other drugs (CNT ) or with dopamine (DA, 100 M) or an mGluR agonist (1S,3R-AC PD, 100 M; DHPG, 100 M; DCG IV, 100 nM) or both for 2 or 5 min. Bicuculline itself did not change M AP-K activity (data not shown). Equal amounts of lysates (50 g) were resolved on a 10% acrylamide gel. Activated M AP-K s were detected with an antibody anti-active MAP-Ks (antiactive ERK s) that recognizes dually phosphorylated ERK s. After stripping, the immunoblot was reprobed with polyclonal anti-ERK2 (see Materials and Methods). A, B, Results with 2 and 5 min application, respectively. Note that phosphorylated protein bands are always denser after dopamine plus an mGluR agonist than either drug alone (see Results). C, Quantification by scanning densitometry of the autoradiogram of anti-active ERKs using N IH Image 1.6. The data are representative of at least three independent experiments. For the ERK2 activity (2 and 5 min), every drug condition showed statistical significance of at least p Ͻ 0.05 over control. For the ERK1 activity (5 min), the increase seen in the presence of dopamine and a given mGluR agonist was always significantly larger than the increase seen in the presence of that mGluR agonist alone ( p Ͻ 0.05). The graph is plotted as percentage changes relative to CNT levels for p42/ ERK2, and raw arbitrary numbers for p44/ ERK1 because of the lack of p44/ ERK1 phosphorylation in CNT. 1992 CNT. , 1993 . Therefore, their block might increase cAMP levels and lead to the activation of M AP-K s. If this is the case, then it would suggest that the blockade by MSOPPE of LTD induction (Fig. 4 A) may have resulted from a previous saturation of MAP-K activation rather than an inhibition of M AP-K activation through antagonism against synaptic stimulation of group II mGluRs. Prefrontal tissues were exposed to MSOPPE (200 M in the presence of bicuculline) for 20 min, and ERK1 and ERK2 phosphorylations were determined. MSOPPE did not increase MAP-K phosphorylation at all (data not shown), rejecting the possibility that there is a tonic inhibition of M AP-K activation by group II mGluRs. Rather, stimulation of group II mGluRs activates M AP-K s (Fig. 11, DCG I V results) .
Quantification by scanning densitometry (Fig. 11C) shows that in all drug conditions, maximal effect on the phosphorylation of p44/ERK1 and p42/ ERK2 was obtained at 5 min after drug application. Activation of p42/ ERK2 with mGluR agonists (1S,3R-AC PD, DHPG, or DCG IV) was approximately fourfold over that of control condition ( p Ͻ 0.05). With dopamine, activation of p42/ ERK2 was approximately 2.5-fold over control ( p Ͻ 0.05). When dopamine and one of the mGluR agonists were coapplied, the increase of p42/ ERK2 reached approximately sixfold activation over control ( p Ͻ 0.05). Activation of p44/ERK1 was undetectable in control and dopamine conditions, as shown in Figure 11 A, B. The mGluR agonists stimulated p44/ ERK1 phosphorylation. The combination of a mGluR agonist with dopamine caused f urther increases of p44/ ERK1 phosphorylation, which are significantly different from the increases seen in the presence of the mGluR agonist alone ( p Ͻ 0.05). We observed that the activation of M AP-K s by these drugs declines to basal level within 60 min after drug washout (data not shown).
In another set of experiments, we tested which subtype of dopamine receptors is involved in the dopaminergic activation of MAP-K s (Fig. 12) . As shown in Figure 12 A, dopamine (100 M) increased p42/ ERK2 phosphorylation, and also in this case the phosphorylation of p44/ ERK1. These increases were reduced by the presence of D1 antagonist SCH23390 (1 M) or D2 antagonist sulpiride (50 M) and blocked by the co-presence of two antagonists. Group results obtained from quantification by scanning densitometry (Fig. 12 B) revealed a synergistic effect of D1 and D2 receptor activation on M AP-K phosphorylation. First, dopamine increased p42/ ERK2 phosphorylation more than twofold ( p Ͻ 0.005). The presence of either SCH23390 or sulpiride was sufficient to significantly reduce the dopamine effect on p42/ ERK2 phosphorylation ( p Ͻ 0.001 for the dopamine ϩ SCH23390 group and p Ͻ 0.05 for the dopamine ϩ sulpiride group, compared with dopamine group). Co-presence of SCH23390 and sulpiride blocked the effect of dopamine on ERK2 phosphorylation ( p Ͻ 001). Similar patterns of the effects of dopamine and dopamine antagonists were seen for p42/ERK1 phosphorylation. These results show that sole activation of either D1 or D2 receptors by dopamine is insufficient to activate MAPKs; two subtypes of dopamine receptors must be stimulated to bring about M AP-K activation. Figure 13 schematically shows possible mechanisms underlying LTD induction in layer I-II to layer V pyramidal neuron glutamatergic synapses of rat prefrontal cortex, based on the present results and those obtained in previous studies in this laboratory. First ( Fig. 13(a) ), LTD induced by 50 Hz in the presence of dopamine (depicted as a dopaminergic axon terminal) does not Figure 11 except the use of D1 antagonist SCH23390 (1 M) and D2 antagonist sulpiride (50 M). These antagonists were preincubated for 10 min before dopamine (100 M) was applied. In all results in the figure, the duration of dopamine application was 2 min, but similar results were obtained after 5 min application. A, Phosphorylation bands of ERK1 and ERK2 after various conditions. Control tissue showed a relatively dense band of ERK2 as in Figure 11 and also a light ERK1 band in this case. Dopamine increased phosphorylation of both ERK1 and ERK2. Note that phosphorylation bands are lighter in the presence of SCH23390 or sulpiride, and the band in the presence of two antagonists is at control level. B, Synergism between D1 and D2 receptors revealed by quantification by scanning densitometry of the autoradiogram of anti-active ERK s using N IH Image 1.6. Each group contains four observations. Dopamine increased ERK1 and ERK2 phosphorylation more than twofold (ERK1, p Ͻ 0.001; ERK2, p Ͻ 0.005). This dopamine effect was highly significantly reduced by the presence of the D1 antagonist SCH23390 (ERK1, p Ͻ 0.002; ERK2, p Ͻ 0.001) or the D2 antagonist sulpiride (ERK1, p Ͻ 0.002; ERK2, p Ͻ 0.05). Co-presence of SCH23390 and sulpiride blocked dopamine phosphorylation of M AP-Ks (ERK1 and ERK2, p Ͻ 0.001). These results suggest that sole activation of either D1 or D2 receptors by dopamine is insufficient to bring about activation of M AP-K s. T wo subtypes of dopamine receptors must be stimulated for M AP-K activation. The graph is plotted as percentage changes relative to C N T levels for both p42/ ERK2 and p44/ ERK1. For this purpose, control was taken as 100 for ERK2 and 12.5 for ERK1, to reflect roughly the ERK2/ ERK1 densitometry proportion obtained by scanning.
DISCUSSION
require NMDA receptor activation (Otani et al., 1998b) , consistent with the fact that dopamine acutely depresses the NMDA component, as well as the non-NMDA component, of synaptic transmission through presynaptic or postsynaptic action, or both (Low-Tho et al., 1994; L ow-Tho, 1995; our unpublished observations). Second (Fig. 13(b) ), dopamine, however, augments synaptic responses during the LTD-inducing high-frequency drive to enhance postsynaptic depolarization, which permits Ca 2ϩ flow through voltage-gated channels and facilitates LTD (Otani et al., 1998b) . At least L-type channels are not involved in the Ca 2ϩ flow, because the L-channel blocker nifedipine did not block LTD (our unpublished observation). The present study showed that (Fig. 13(c) ) LTD induction by 50 Hz stimuli in the presence of dopamine is blockable by the application of MCPG (groups I and II antagonist), AIDA (group I antagonist), or MSOPPE (group II antagonist). Thus, for this LTD induction, concurrent synaptic activation of group I and group II mGluRs during tetanus is required. Furthermore, it was shown that 1S,3R-ACPD (groups I and II agonist), but not DHPG (group I agonist), facilitates LTD induction by 50 Hz stimuli. Moreover, coapplication of dopamine and 1S,3R-ACPD induced LTD without any presynaptic electrical stimulation. Coapplication of dopamine and DHPG also induced LTD, but in a somewhat less consistent fashion, and interestingly, the potent group II agonist DCG IV by itself induced LTD in a postsynaptic Ca 2ϩ -dependent manner. The important involvement of group II mGluRs in LTD induction in prefrontal cortex might explain why the recovery from the depression after sole application of 1S,3R-ACPD is slower than that after sole application of DHPG (Fig. 6 B vs 7A ).
Figure 13 also shows that a biochemical consequence of metabotropic receptor cooperation (i.e., D1 and D2 receptors and groups I and II mGluRs) is the postsynaptic converging activation of ERK1 and ERK2. Our biochemical analyses showed that prefrontal MAP-Ks are activated by dopamine, 1S,3R-ACPD, DHPG, and DCG IV. Importantly, when dopamine and one of the mGluR agonists were coapplied, there were synergistic (ERK1) or additive (ERK2) increases of MAP-Ks. Synergistic activation of MAP-Ks was also observed between dopamine D1 and D2 receptors. In this case, blockade of either D1 or D2 receptors was sufficient to block dopamine activation of MAP-Ks. This dopaminergic synergism is reminiscent of the synergistic action of D1 and D2 receptors in the production of arachidonic acid (Piomelli et al., 1991) , the potent PKC activator that can in turn activate MAP-Ks (see below and Fig. 13 legend) . Consistent with the above results showing that MAP-Ks can be activated through dopamine receptors and mGluRs, three forms of LTD reported in this paper, i.e., LTD by 50 Hz stimuli in the presence of dopamine, LTD by 50 Hz stimuli in the presence of 1S,3R-ACPD, and LTD by coapplication of dopamine and 1S,3R-ACPD, were all blocked by bath application of the specific ERK1 and ERK2 phosphorylation inhibitor PD98059. Moreover, LTD by dopamine ϩ 1S,3R-ACPD coapplication, whose induction may be purely postsynaptic (Fig. 9B) , was indeed blocked by a previous postsynaptic inhibition of MAP-K-mediated phosphorylation with the specific synthetic substrate peptide, showing that the critical converging activation of MAP-Ks takes place in postsynaptic sites. The involvement of MAP-Ks in synaptic plasticity is in line with other results obtained in hippocampus (Baron et al., 1996; English and Sweatt, 1996; Coogan et al., 1999) .
In this paper, we did not investigate the question regarding which second messengers are involved in LTD and MAP-K activation. However, the following lines of evidence support our hypotheses depicted in Figure 13 (shown as pathways i, ii, iii, and iv). First, it is well known that dopamine D1 receptors are positively coupled to the adenylate cyclase-cAMP-PKA pathway (Jaber et al., 1996) and group I mGluRs are coupled to the phospholipase C-diacylglycerol-PKC pathway (Abe et al., 1992; Figure 13 . Schematic drawing of possible mechanisms for LTD induction in prefrontal layer I-II to layer V pyramidal neuron glutamatergic synapses. The coexistence of D1-like and D2-like dopamine receptors and that of D2-like and glutamate in the same synapse are still hypothetical. In classical protocol (Fig. 1 E) , LTD is induced by 50 Hz electrical stimulation to the glutamatergic fibers in the presence of dopamine in the bath (shown in the figure as a dopaminergic synaptic terminal). (a) Dopamine alone acutely and reversibly depresses low-frequency glutamatergic transmission, including the NMDA receptor-mediated component (Law-Tho et al., 1994; Law-Tho, 1995 ; our unpublished observation), by presynaptic or postsynaptic action, or both, and accordingly, LTD induced by the classical protocol does not require NMDA receptor activation (Otani et al., 1998b) . (b) During high-frequency (50 Hz) drive to glutamatergic synapses, dopamine augments the synaptic responses and increases postsynaptic depolarization (Otani et al., 1998) . This effect of dopamine serves as a critical factor for the NMDA-independent, postsynaptic C a 2ϩ -dependent induction of LTD (Otani et al., 1998b) . (c) In the present study, it was shown that for this LTD induction, synaptic activation of both group I and group II mGluRs is necessary (Figs. 2 A, 3A, 4A) . Moreover, coapplication of dopamine and 1S,3R-AC PD consistently induced LTD without tetanus or single synaptic stimuli, suggesting that coactivation of dopamine receptors and the mGluRs is sufficient for LTD induction (Fig. 9 A, B) . We propose that a biochemical mechanism underlying this LTD induction is converging postsynaptic activation of MAP-Ks (ERK1 and ERK2) by groups I and II mGluRs and D1-like and D2-like dopamine receptors. Thus, dopamine D1 and D2 receptors synergistically activate MAP-K s (Fig. 12) , whereas group I mGluRs alone or group II mGluRs alone can activate M AP-K s (Fig. 11) . A combined activation of the dopamine receptors and mGluRs causes synergistic (ERK1) or additive (ERK2) increases of M AP-K activity (Fig. 11) . Second messenger pathways involved in this converging M AP-K activation in prefrontal neurons (shown as pathways i, ii, iii, and iv) are yet to be demonstrated. However, the following lines of evidence support our hypothesis. (i and ii) Activation of M AP-K s by PKC and PK A has been demonstrated in various cell types including hippocampal cells (Nestler and Greengard 1994; Cobb and Goldsmith, 1995; Robinson and Cobb, 1997; Roberson et al., 1999) . (iii) Lines of evidence suggest that D2 receptors are coupled positively to phospholipase A2 and production of arachidonic acid, which activates PKC (Piomelli et al., 1991; Vial and Piomelli, 1995; Nilsson et al., 1998) . There may be a synergistic action between D1 and D2 receptors for arachidonic acid production (Piomelli et al., 1991) . (iv) It has been reported that group II mGluR activation with DCG IV, as well as group I mGluR activation with DHPG, stimulates the phospholipase D pathway, which also leads to PKC activation (K lein et al., 1997) .
